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Abstract: Application of optical imaging in developmental biology marks an exciting frontier
in biomedical optics. Optical resolution and imaging depth allow for investigation of growing
embryos at subcellular, cellular, and whole organism levels, while the complexity and variety of
embryonic processes set multiple challenges stimulating the development of various live dynamic
embryonic imaging approaches. Among other optical methods, label-free optical techniques
attract an increasing interest as they allow investigation of developmental mechanisms without
application of exogenous markers or fluorescent reporters. There has been a boost in development
of label-free optical imaging techniques for studying embryonic development in animal models
over the last decade, which revealed new information about early development and created new
areas for investigation. Here, we review the recent progress in label-free optical embryonic
imaging, discuss specific applications, and comment on future developments at the interface of
photonics, engineering, and developmental biology.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical imaging plays an essential role in uncovering mysteries in the early development of a
new life [1-3], enabling understanding of organism formation, inspiring strategies for tissue
regeneration, and providing insights into better management of congenital defects and embryonic
failures. Developmental biologists have been challenging the biomedical optics community with
the requirements for higher-resolution, deeper-penetration, live, dynamic, and faster imaging.
Optical imaging, with a noninvasive and high-resolution nature, as well as a live imaging
capability, has been responding well to such requirements. Questions in developmental biology
stimulated multiple waves of optical revolution, while advancements in optical imaging played as
a major factor driving discoveries in development [4-8].

Nature grants a variety of contrast mechanisms from the interaction of light with tissues
and cells, which are well utilized for imaging. On one side, fluorescence is the most widely
used contrast mechanism to probe targeted cellular and molecular components in embryonic
tissues [9,10]. With the continuously expanding molecular genetic tools, fluorescence labeling
is becoming easier, faster, more specific, and covering an increasingly broader range of model
organisms [10-12]. On the other side, the employment of endogenous optical contrasts enables
label-free optical imaging that addresses the intrinsic limitations of fluorescence imaging, such
as photobleaching and phototoxicity [13,14], thus eliminating a major restriction in achieving
high temporal resolution and long duration for imaging the dynamic developmental processes.
These endogenous optical contrasts come from various photon-tissue interactions, revealing
anatomical, morphological, mechanical, molecular, and functional information of the embryonic
development [15—-18]. As a result of such powerful capabilities, the past decade marked a surge in
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the development of label-free optical imaging techniques in application to embryology, creating
new exciting areas for investigations.

Here we attempt to review recent progress in label-free optical imaging of embryonic
development. Particularly, we highlight how contrast mechanisms and imaging capabilities
of each technique are advantageous for specific applications in embryonic analysis, with the
goal to stimulate new ideas and developments at the interface of photonics, engineering, and
developmental biology. As quantitative biology is becoming prevalent in life science, quantitative
assessment achieved from non-labeling optical imaging is emphasized throughout the article.
With this review, we strive to provide a useful reference of optical techniques for developmental
biologists and aim to stimulate the application-driven development of advanced optical imaging
methods from the biomedical optics community. By achieving these two goals, it is our hope that
this article could contribute to inspiring more interdisciplinary collaborations for achieving an
even faster and greater advancements in label-free optical imaging.

Recently, optical and optoacoustic (photoacoustic) imaging techniques for developmental
biology was reviewed by Ripoll et al. [3], where the systematic discussion largely focuses on the
imaging depth, speed and resolution — the three most important characteristics of the imaging
methods. Different from this thorough review, we primarily focus on the connections between
the fundamental contrast, imaging capability, and corresponding applications in developmental
biology, highlighting indispensable features of non-labelling optical imaging as a complement
to fluorescence-based techniques, thus to assist the match of specific challenges in embryology
to the latest technological advances in biophotonic imaging. This article is structured based on
two forms of light-tissue interactions utilized by label-free optical imaging methods: scattering
and absorption. Under each category, individual imaging techniques and their applications are
reviewed, which is summarized in Table 1. The major trends of this area, comparisons between
the non-labeling methods and their complementary features to fluorescence imaging, as well as

Table 1. Label-free optical techniques in embryonic imaging.

Technique Scale of Resolution Scale of Depth Contrast Applications

Refractive Index Mismatch;
Speckle Variance; Doppler;

Tissue Structure;
Vasculature; Blood

OCT Microns to Ten Microns Millimeters Strain and Shear Stress Circulation; Biomechanics
Cell Structure; Tissue
OCM Microns Hundred Microns ~ Refractive Index Mismatch  Structure
RM Submicron to Microns ~ Hundred Microns ~ Raman Scattering Biomolecule
BM Submicron to Microns ~ Hundred Microns  Brillouin Scattering Biomechanics
Ordered
Non-Centrosymmetric Biomolecule; Tissue
SHGM Submicron to Microns ~ Hundred Microns ~ Molecular Structure Structure
Cell Structure; Blood
THGM Submicron to Microns ~ Hundred Microns  Refractive Index Mismatch ~ Circulation
Millimeters to Ten
OPT Microns to Ten Microns Millimeters Absorption Tissue Structure
Ten Microns to Vasculature; Oxygen
PACT Hundred Microns Ten Millimeters Absorption Saturation
PAM Microns to Ten Microns Millimeters Absorption Vasculature
QPI Submicron to Microns ~ Hundred Microns  Optical Path Length Cell Structure

OCT: optical coherence tomography; OCM: optical coherence microscopy; RM: Raman microscopy; BM: Brillouin
microscopy; SHGM: second harmonic generation microscopy; THGM: third harmonic generation microscopy; OPT:
optical projection tomography; PACT: photoacoustic computed tomography; PAM: photoacoustic microscopy; QPI:
quantitative phase imaging.
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the potential in addressing open questions in developmental biology are provided in the Outlook
and Summary at the end of the manuscript.

2. Scattering-based techniques
2.1. Optical coherence tomography and microscopy

Introduced in 1991, optical coherence tomography (OCT) is a low-coherence imaging modality
based on interferometric detection of backscattered light from tissue [19]. In general, OCT has a
millimeter-level imaging depth with a micro-scale spatial resolution in 3D [20]. This unique
imaging scale fits well in the gap between confocal and high-frequency ultrasound, thus providing
unprecedented visualizations of early and mid-stage embryos from small animal models [21,22].
In 1996, five years after its invention, OCT was first applied to image the morphology and
anatomy in frog and zebrafish embryos both in vitro and in vivo, resolving critical structures, such
as the eye and brain [23,24]. Since then, OCT for embryonic imaging has been rapidly developing
and evolving with a number of groups continuously pushing the limit of what information OCT
can reveal in a broad range of animal models [25-36].

By capturing low-coherence interference between the backscattered light from the sample and
the reflected light from the reference arm, the 1D depth-resolved OCT A-scan can be achieved
by either directly mapping the optical intensity (time-domain OCT) or performing an inverse
Fourier transform of the spectrally-resolved interference fringes (Fourier-domain OCT) [37].
With a 2D transverse scan of the imaging beam, the reconstructed 3D OCT intensity signals
reveal the mapping of the refractive index mismatch inside the tissue, providing 3D imaging of
tissue structures. As such, structural OCT imaging depicts the anatomical and morphological
information from the embryos, including the eye, brain, heart, and limbs [30,38,39]. The
millimeter-level imaging depth of OCT limits the access to structures inside the large-size
embryo, while the recent development of rotational imaging OCT overcame this limitation
by integration of multiple angles of OCT imaging [40]. The micro-scale resolution of OCT
enables comparable visualizations with traditional histology [23-25,41], but features a number of
appealing advantages, including a rapid imaging, no requirement of sample processing, a direct
volumetric reconstruction, and most importantly, the feasibility of live dynamic assessment.

Dynamic structural OCT imaging has been a major approach to understand the embryonic
cardiac activities. Depth-resolved B-scan imaging can easily achieve a frame rate sufficient to
capture the dynamics of a beating heart at particular planes [26,27,42]. As a traditional OCT
imaging speed is not sufficient for directly capturing the beating heart volumetrically, a number
of approaches have been developed for reconstruction of a high-quality visualization of 3D
cardiodynamics. These are generally achieved through sequential acquisition of 2D time lapses
at different positions of the heart with a spatial step, and post-acquisitional synchronization of the
time lapses to the same phase of the heartbeat cycle. For direct synchronization of the time lapses,
the heart rate can be actively controlled by external pacing [43], or a secondary Doppler-based
system could be utilized to passively acquire a signal from the heart beat as a reference for
synchronization [29,44]. A number of post-processing algorithms for synchronization without
external gating have also been developed [45-49]. Specifically, 2D time lapses covering one
heartbeat cycle are synchronized to their neighbors separated by a small distance recursively from
one imaging plane to the next based only on the imaging data itself to produce a 4D (3D + time)
reconstruction of the beating heart with a volume rate equivalent to the B-scan acquisition rate
[18,50]. A continuous effort has also been made to develop ultrahigh-speed OCT imaging systems
for direct volumetric imaging of the embryonic beating heart [51-53], with the volume rates
ranging from 10-20 Hz [51,52] to the most recent 43 Hz achieved through a 1.5 MHz A-scan rate
[53]. These methods feature efficient phenotypic analyses and prevent possible errors induced
from the sophisticated synchronization approaches, however requiring faster laser sources, which
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are still limited on the market. A notable application of 4D OCT cardiodynamic imaging is for
phenotypic assessment of relevant genetic mutations associated with congenital heart defects in
mice. For example, Lopez III et al. identified a cardiac looping defect in the Wdr19 mutant mice
using 4D OCT structural imaging [50].

Taking advantage of the unique imaging scale, the dynamic structural OCT imaging has also
been employed to investigate the cranial neural tube closure process in the mouse model [54].
With time-lapse imaging over 16 hours duration, a button-like closure in the midbrain region was
observed as a distinct process from the zipper-like closure in the hindbrain region, as shown in
Fig. 1, marking an interesting phenomenon during the central nervous system morphogenesis
[54]. Particularly, OCT volumetric imaging enabled convenient and accurate measurements of
the 3D distance between the neural folds over time, leading to a quantitative assessment of the
closure dynamics and a characterization of the neural tube defect in the mutant mouse model
[54]. As the developmental process involves numerous morphogenetic changes that are critical
for successful establishment of different organs, similar time-lapse quantitative OCT structural
analysis can be applied to study such processes during normal development and investigate the
effects of genetic mutations and epigenetic factors.
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Fig. 1. Dynamic structural OCT imaging of the cranial neural tube closure in the mouse
embryo. (A) Representative frames from 3D OCT time-lapse showing the closure process
while the embryo is turning. (B) Zipper-like closure of neural tube at the hindbrain region
with quantitative analysis. The red arrows point at the site where zipper-like closure occurs.
(C) Button-like closure of neural tube at the midbrain region with quantitative analysis. The
red arrows point at the sites where button-like closure occurs. Scale bars are (A) 300 um and
(B, C) 200 um. Reproduced from [54].
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In addition to structural OCT imaging, functional OCT methods with novel contrast mechanisms
have enabled advanced analysis of the functional aspects of embryos. These primarily include
vasculature imaging with OCT angiography, blood flow imaging with Doppler OCT, and
biomechanical assessment with OCT-based elastography and shear stress mapping.

Angiography with OCT is achieved through post-processing the changes of OCT intensity
(speckle) or phase induced by the movement of circulating blood cells [55]. Well resolving
the vasculature network of the embryos, OCT angiography is a major alternative approach
to fluorescence-based imaging for functional vasculogenesis analysis [56,57]. Notably, with
ultrahigh-speed imaging, the OCT angiographic analysis can be performed across multiple
volumes, leading to time-lapse vasculature imaging [53]. Recently, this type of cross-volume
analyses has resulted in 4D dynamic angiography of the beating mouse embryonic heart [58],
allowing for advanced cardiac blood volume segmentation over the entire heartbeat cycle, which
is significant for numerical modeling of the early heart biomechanics.

Doppler OCT utilizes the OCT phase signal to resolve the continuous movement of scatterers
and to quantitatively measure their moving velocity [59]. First applied to embryonic imaging
in 1997 [60], Doppler OCT provides robust 4D high-resolution analyses of blood flows in
the embryo [18], as shown in Fig. 2. Major applications focus on flow measurements in the
vasculature [28,61-63] and the beating heart [28,53,60,64,65], featuring dynamic assessment
with a high spatiotemporal resolvability. Among these, 4D imaging of cardiac hemodynamics
generates unprecedented visualizations [44,66]. Also, together with the analysis of cardiac
wall motions, OCT hemodynamic imaging of the embryonic heart enables the understanding
of how an early tubular heart pumps blood [18], revealing the biomechanics of cardiogenesis
[67]. Particularly, retrograde flows in the valveless heart were observed and assessed at different
locations [18,35]. The retrograde flow is recognized as an interesting mechanotransduction
stimulus, deserving thorough further investigations for its specific role in endocardial cushion
development and proper valve formation. Additionally, Doppler OCT imaging has been used
to study altered hemodynamics introduced by different manipulations of the embryonic heart
[35,68,69], which could contribute to an improved understanding of congenital heart diseases in
relation to biomechanical alterations.

Biomechanical OCT imaging of the embryo has largely focused on the heart, including both
elasticity assessment [34,70—72] and shear stress analysis [63,66,67,73-75]. High-resolution
imaging and measurement of elasticity with OCT is an emerging area that can potentially bring a
novel mechanical understanding of tissues and cells at a new scale which was previously not
available [76,77]. OCT-based embryonic heart elastography primarily relies on contraction-
induced strain as the contrast mechanism. Specifically, strain is measured as the change of
the heart wall thickness that is inversely related to the tissue stiffness [34]. As the contractile
force or pressure applied to the heart wall during pumping is unmeasurable and possibly has
time-dependent and cross-sample variations, strain-related measurements remain qualitative with
analyses mainly focused within an individual heart. New methods able to probe the pressure on
the cardiac wall tissue would be required to combine with OCT for a quantitative elastography. In
addition to the strain-based contrast, the pulse wave propagation on the embryonic outflow tract
has been resolved and the velocity can be measured [53,78], which could potentially be useful to
estimate the mechanical property of the outflow tract [79]. An alternative promising label-free
method for embryonic mechanobiology, which is based on the analysis of photon-phonon
interaction, is discussed in Section 2.3. Measuring the heart wall shear stress induced by laminar
blood flows is achieved through spatial analyses of flow velocity over the heart tube cross-section
[63,66]. Notably, 4D mapping of shear stress in the quail embryonic heart was achieved by
Peterson et al. [73], which provides dynamic visualizations and understanding of spatiotemporal
variations of shear force applied to the beating embryonic heart. Computational fluid dynamics
were also employed to produce mapping of the heart wall shear stress [67,75]. OCT-based shear
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Fig. 2. Doppler 4D OCT imaging of cardiac hemodynamics in the mouse embryo at
embryonic day 9.0. (A-D) Cross-sectional visualizations of the sinus venosus, primitive
atrium, and vitelline vein at different time points of cardiac cycle. (E-H) Cross-sectional
visualizations of the primitive ventricle and bulbus cordis at different time points of cardiac
cycle. Solid arrows point at retrograde flows in the primitive atrium. Dashed arrows point at
retrograde flows in the atrioventricular region. Dotted arrows point at retrograde flows in the
bulbus cordis and the bulboventricular region. The dashed line in (E) shows the location that
has the highest axial position. Y V: yolk sac vessel; VV: vitelline vein; SV: sinus venosus;
PA: primitive atrium; PV: primitive ventricle; BC: bulbus cordis. Scale bars are 200 pm.
Reproduced from [18].

stress analysis has been utilized in a number of studies to investigate the hemodynamic changes
of the embryonic heart during development as well as in response to a variety of stimulations and
manipulations simulating the congenital heart defects [68,80-83].

Optical coherence microscopy (OCM), as a combination of OCT and confocal microscopy,
achieves an improved transverse resolution with a high numerical aperture objective [84]. OCM
provides a superior spatial resolvability with a 3D resolution reaching 1-2 um while maintains
an imaging depth of ~0.5 mm [85]. As such, for embryonic imaging, OCM is mainly utilized
to probe the preimplantation development [85,86]. Specifically, the first division process of
the mouse zygote can be clearly visualized in vitro with time-lapse OCM imaging, which
includes the very detailed dynamics of nuclei [85]. Recently, OCM imaging of preimplantation
embryos has also been achieved in vivo inside the mouse oviduct, promising for monitoring the
mammalian preimplantation development in its native environment [86]. In addition, OCM
imaging of the Drosophila embryonic heart demonstrates quantifications of the heart rate, the
end systolic/diastolic diameter, and the fraction shortening [36,87]. Since OCM is based on the
same contrast mechanism as OCT, functional OCM imaging, such as angiography, is possible
[88], which could be potentially applied for functional embryonic imaging with an improved
spatial resolution.

2.2.  Raman microscopy

As a vibrational spectroscopic technique, Raman spectroscopy probes molecular information
by analyzing the Raman scattering of photons by molecules, where the gain or loss of energy
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produces a shift of the scattered light frequency [89]. With the peaks in the spectrum identifying
different molecules, the mapping of the Raman spectrum information produces microscopic
imaging of the 3D distribution of specific molecules in tissue, as Raman microscopy (RM) [90].
Generally, RM achieves the spatial resolvability by an integration of Raman spectroscopy with
existing microscopy techniques, such as confocal microscopy, thus allowing for depth-resolved
imaging and possessing a sub-micron resolution that is limited by the optical diffraction [91].
Compared with fluorescence-based molecular imaging, RS is attractive for its label-free analysis,
minimal sample preparation efforts, and the simultaneously acquired large amount of molecular
composition data. These features have motivated a number of groups to utilize RM for targeted
molecular information in embryos [92-94].

As a demonstration that RM provides very rich molecular information from the developing
embryo, Nakamura ez al. showed that the location and structure of the differentiated muscle and
endoderm can be well identified in the whole Ciona intestinalis embryo over its early development
[93], as shown in Fig. 3. Imaging the dynamics of lipid droplets in early-stage embryos has been
a major application of RM in developmental biology, which has a demonstrated non-destructive
nature that enables long-duration analysis [92]. Notably, with coherent anti-Stokes Raman
scattering microscopy that has a significantly improved sensitivity and imaging speed [95], the
size, number, and spatial distribution of lipid droplets can be quantitatively characterized in live

Tissues on Raman map Tissues on Raman map
Confocal Image 1526 cm™! Confocal Image 1526 cm’’

A 2-cell . F 64-(;‘e||

P
Mus Endo Phalloidin

Fig. 3. RM imaging of the Ciona intestinalis embryo from two-cell stage to tailbud stage
at the bands of 1002cm™! and 1526cm™!. (A-J) Confocal images of the embryos for
references. (A’-I’, A”-I"") Corresponding RM (right) images at 1002 cm™! and 1526 cm™!,
respectively. Bright-field images (left) are provided as reference, as the embryos are
bilaterally symmetrical. Red lines in D’-G” and D*’-G’’ outline presumed cell borders. A:
anterior; P: posterior; L: left; R: right; a: animal; v: vegetal; Mus: muscle; Endo: endoderm.
The colors in the images represent the Raman intensity at corresponding bands with red for
the highest intensity and black for zero. Scale bars are 20 pm. Reproduced from [93].



Review Article Vol. 11, No. 4/1 April 2020/ Biomedical Optics Express 2024 |

Biomedical Optics EXPRESS AS

preimplantation mouse embryo without affecting the normal development [94]. A number of
Raman spectroscopic analyses have recently been performed on embryos to probe the specific
biomarkers for the developmental potential [17,96] and the diagnosis of stem cell differentiation
[97]. The safety levels of Raman laser exposure on the early-stage mouse embryo has been
systematically studied [98]. These together point to an exciting potential for a wider application
of RM in the investigation of embryonic development.

2.3. Brillouin microscopy

As another nonlinear spectroscopic technique, Brillouin spectroscopy probes the Brillouin
scattering of light, which is the interaction of light waves with gigahertz-frequency acoustic
waves (phonons), and the resulted frequency shift of light reflects the high-frequency modulus of
sample, providing the material elastic properties [99,100]. Brillouin microscopy (BM) emerges
as a spectroscopic biomechanical imaging technique in 2005 [101], thanks to the significantly
reduced data acquisition time to resolve the Brillouin frequency shift. Over the years after this,
BM has rapidly become an attractive approach for high-resolution mechanical characterization of
bulk biological samples [102] as well as sub-cellular components [103]. By employing a confocal
configuration, BM can provide depth-resolved 3D micro-scale mapping of the tissue longitudinal
modulus [104,105], which is highly valuable to probe the stiffness of the embryo. Particularly,
the noninvasive and noncontact nature of BM is greatly desired for the delicate embryonic tissue.

The application of BM in the area of developmental biology has so far been focused on
the mouse and zebrafish embryos [99,106—-108]. Among these, 2D elastography was achieved
from the mouse embryo at embryonic day 8.5, showing distinct mechanical properties across
different organs [106]. Specifically, for the neural tube, BM imaging depicts the spatial gradient
of longitudinal modulus in the dorsal-ventral direction, as shown in Fig. 4, and also suggests
an increase of stiffness from the neural folds over development [107]. Recently, it has been
demonstrated that BM is capable to detect the mechanical properties from distinct anatomical
structures in the zebrafish embryo and also to monitor the changes of mechanical properties
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Fig. 4. BM of the neural tube at three locations from a mouse embryo at embryonic day
9.5. (A-C) BM images of the neural folds and ectoderm (left) with the corresponding
quantifications of the Brillouin shift (right) showing the spatial gradient of longitudinal
modulus as well as the relatively lower stiffness from the ectoderm. Scale bars are 100 pm.
Reproduced from [107].
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during development and the recovery of spinal cord injury [108]. Compared with the widely used
pipette aspiration method to measure embryonic tissue stiffness [109], BM features appealing
advantages on noninvasive assessment that enables potentially repeated and longitudinal analyses.

2.4. Second and third harmonic generation microscopy

Second and third harmonic generation (SHG and THG) microscopy relies on nonlinear coherent
scattering with the conversion of two or three incoming photons, respectively, to one photon
of exactly doubled or tripled energy [110,111]. Unlike multiphoton fluorescence microscopy
that is based on the excitation-emission mechanism, SHG and THG have the photon energy
fully conserved, leading to substantially reduced photobleaching and heating. The SHG process
is highly specific to the ordered non-centrosymmetric molecular structures, thus providing
well defined imaging contrast for certain cellular and tissue components, such as the collagen,
microtubule, and muscular myosin [112-114], which proves to be highly useful for embryonic
assessment. In contrast to the high specificity of SHG, the THG process takes place at the
interfaces of structures, for example, at the cell membrane, and thus probes the refractive index
mismatch [111]. As a result, for embryonic imaging, THG microscopy has mainly been used to
provide general structural information.

SHG microscopy was used to image the muscular architecture and the trachea system of the
Drosophila embryo [115]. Also, interferometric SHG imaging was utilized to probe the polarity
of microtubule array in the mitotic spindles of the zebrafish embryo, which suggests a new path
for understanding the role of the microtubule polarity in the early developmental process [116].
Recently, SHG microscopy has also been employed for 3D imaging of the fibrillar structures in
the mouse embryonic heart, showing the temporal change and spatial heterogeneity of the cardiac

Outflow Tract

Atrium

Ventricle

Fig. 5. SHG imaging of fibrillar structures in the mouse embryonic heart at embryonic day
8.5. (A) 3D reconstruction of SHG image of the entire heart, including the primitive atrium,
primitive ventricle, and outflow tract. (B, C) Cross-sectional visualizations at the locations
shown in (A). (D-F) Zoom-in visualizations at (D) the outflow track and (E, F) the ventricle
from the locations labeled in (A). (F) presents 15 um below the heart surface. Reproduced
form [117].
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fibrillar content and organization [117], as shown in Fig. 5. Notably, quantitative SHG imaging
analysis of the Mlc2a mutant mouse embryo with a reduced heart contractility indicates distinct
fibrillar network [117]. As THG signals well depict the cell membranes, THG microscopy has
largely focused on cell tracking, including during the early cell divisions of the Caenorhabditis
elegans embryo [118] and for measuring blood flow velocity in the frog embryo [119].

The combination of SHG and THG imaging has been widely used for embryonic imaging, as
they provide well complementary information. Specifically, for the mouse embryo from two-cell
stage to blastocyst, combined SHG and THG microscopy is able to identify critical subcellular
structures, such as the zona pellucida and inner cell mass [120]. Also, quantitative measurements
of cell behaviors along the cell lineage of the zebrafish embryo over the first 10 cell division
cycles was achieved through the combined SHG and THG imaging [121]. In particular, the
intrinsic THG signals nicely highlight the cell contours, as shown in Fig. 6, which leads to
high-quality observations of dynamic developmental processes [121]. For an improved spatial
resolution, adaptive optics has been applied with SHG and THG microscopy for embryonic
imaging [122-124], featuring high-resolution characterizations of dynamic events, such as the
behavior of lipid droplets in the preimplantation mouse embryo [123].

Fig. 6. THG imaging of the zebrafish embryo at 64-cell and 512-cell stages. (A) Image of
512-cell embryo with the animal pole to the top. (B, C) XY image and (E, F) XZ image of
64-cell embryo with (B, E) blastoderm cells and (C, F) yolk platelets. Light is delivered
through a lens of 0.8 numerical aperture. (D) XY image of blastoderm cells. Light is
delivered through a lens of 1.2 numerical aperture. Scale bars are (A) 200 um, (B, C, E, and
F) 50 um, and (D) 30 um. Reproduced from [121].

3. Absorption-based techniques
3.1. Optical projection tomography

In contrast to the scattering-based techniques that rely on optical sectioning for 3D reconstruction,
optical projection tomography (OPT) is based on the principle of computed tomography, where a
filtered back-projection algorithm is used for 3D reconstruction from the raw projection data at
different orientations [125]. Invented in 2002 [6], OPT is a major embryonic imaging approach
that has been widely applied in development biology, due to its distinct features of an isotropic
spatial resolution down to 5 um and an imaging depth of up to 10 mm [125]. There are two types
of OPT imaging modes: transmission OPT (or bright-field OPT) where the contrast comes from
light absorption of the sample, and emission OPT that resolves either autofluorescence signal or
fluorescence staining of the sample [126]. While fluorescence-based OPT is an extremely useful
approach to study the 3D gene expression pattern from the entire embryo [127—-130], label-free
absorption-based OPT finds its important applications in whole-embryo anatomical imaging
primarily for understanding the organ morphology [131].
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Non-labeling OPT imaging has largely been focused on the mouse embryos [15,132]. Specif-
ically, Singh ef al. performed a systematic comparative analysis of OPT versus OCT on the
embryos at embryonic days 9.5, 11.5, and 13.5, demonstrating the distinct advantages of OPT
and its feasibility for whole-body imaging of large-size embryos [132]. Recently, a comparative
study of OPT with micro-CT further showed that the high spatial resolution, endogenous light
absorption contrast, and large field of view of OPT are well suitable for label-free imaging of the
mouse embryo [15]. In particular, segmented atlas and volume quantification of 12 different major
organs of the mouse embryo were achieved at embryonic day 11.5, and bone segmentation was
also achieved at embryonic day 16.5, as shown in Fig. 7, demonstrating absorption-based OPT
as a promising technique for quantitative morphological imaging of embryos [15]. Label-free
OPT has also been utilized to image the early-stage human embryos with a focus on the brain
development, indicating that many structures in the nervous system can be resolved and identified
in 3D [133].
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Fig. 7. Label-free OPT imaging of the mouse embryo with organ segmentation and
quantitative volume measurements. (A) 3D segmented images of the mouse embryo at
embryonic day 11.5. (B) Individual segmented organs highlighted from the embryo image.
(C) Quantitative analysis of the organ volume. (D) 3D image of the mouse embryo at
embryonic day 16.5. (E) Segmented bone highlighted from the embryo image. (F) Detailed
3D visualization of the bone structures. Scale bar in (A) is 2 mm. Reproduced from [15].

As an intrinsic requirement, scattering should be minimized for transmission OPT imaging.
This can be achieved through optical clearing for large turbid samples, such as the late-stage
mouse embryos [134]. Such requirement has prevented OPT from a live dynamic imaging
application in the whole mouse embryo. In vivo label-free OPT imaging has been demonstrated
for biological samples that are relatively transparent or small in size (1-2 mm), including the
Caenorhabditis elegans [135], zebrafish [136], and early-stage Drosophila embryo [137]. As
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the number of angular projections determines the reconstruction quality, to obtain desired OPT
images, the imaging speed is usually sacrificed, which leads to other limitations of not able
to resolve fast movement and suffering from motion artifacts. Different methods have been
developed to overcome such limitations, such as approaches to correct or compensate for the
motion [135] and an iterative algorithm to reduce the required minimum number of angular
projections [136]. Also, through combining ex vivo live tissue culture with OPT, live imaging
of the early-stage mouse organogenesis has been achieved with a focus on the limb buds [138],
which paves the way for ex vivo live 4D OPT imaging of organogenesis of the mouse embryo
[139].

3.2. Photoacoustic tomography

Photoacoustic tomography (PAT) relies on the photoacoustic effect. It reconstructs the position
of light absorption by probing the subsequently generated acoustic waves [140]. Due to the low
scattering of acoustic waves in tissue, PAT takes advantage of the optical absorption from both
the ballistic and diffusive photons, thus is able to provide label-free high-resolution imaging
with an extended depth in comparison with other optical modalities [141]. Because the signal
originates from the light absorption, PAT offers rich endogenous contrasts for imaging a variety
of biological components by applying different optical wavelengths [142], such as hemoglobin,
melanin, DNA/RNA, lipids, and water. Notably, taking advantage of the different absorption
spectra of oxy- and deoxy-hemoglobin, PAT allows not only for structural imaging of vasculature
and functional imaging of blood circulation, but also oxygen saturation and metabolic imaging
of oxygen consumption [143]. Two implementations of PAT have been applied for embryonic
imaging: photoacoustic computed tomography (PACT) and photoacoustic microscopy (PAM).
PACT employs an expanded optical beam and an array of ultrasound transducers for 3D imaging
with a centimeter-level imaging depth and a spatial resolution typically at tens and hundreds of
microns [144]. As a microscopic imaging technique, PAM utilizes co-focused light excitation
and sound detection to achieve a micro-scale spatial resolution with a millimeter-level imaging
depth [145]. The feature of PAT in multi-scale and multi-contrast imaging has found exciting
applications in developmental biology.

Given the superior depth of view of PACT, in vivo imaging of the embryo inside the pregnant
mouse at embryonic day 15.5 has been achieved [146], as shown in Fig. 8. The nicely resolved
embryonic vasculature network indicates the potential for powerful in vivo phenotypic analyses of
vasculogenesis and associated pathology [146]. PACT has also been employed to image oxygen
saturation from the developing embryo in the pregnant mouse in vivo [147]. The approach features
quantitative analysis and longitudinal assessment over embryonic day 8.5-16.5 [147], which is
promising for in vivo longitudinal functional study of mammalian embryonic development. In
addition to the mouse model, integrated PACT and OCT presents in foto imaging of the chick
embryo with complementary scattering and absorption contrasts [148].

The application of PAM in embryonic imaging mainly focused on the zebrafish model [149].
Specifically, the formation of the cardio-cerebrovascular network was well resolved by optical-
resolution PAM [150], which enables the analysis of vascular phenotypes in diseased models, such
as the effects of anti-angiogenic drugs on the vasculature development [151]. Continuous efforts
have been made to further improve the spatial resolution of PAM [145], which demonstrates finer
imaging of the zebrafish embryo with a consistent spatial resolution over the entire body [152].
Although possessing a similar imaging scale as OCT, PAM features a distinct optical absorption
contrast that makes it useful for the vasculature- and melanin-related imaging applications in the
embryonic development.

In addition to the hemoglobin and melanin-based contrast, other endogenous contrast agents
of PAT, although have not yet been applied for embryonic imaging, offer great potentials for
multi-contrast imaging at different scales. As DNA and RNA have a strong optical absorption
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Fig. 8. In vivo PACT imaging of the embryo in the pregnant mouse at embryonic day 15.5.
(A) Maximum intensity projection of the 3D PACT image showing the embryonic vasculature
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3D data followed by fused color volume rendering. (B-G) PACT images at different depth
ranges from (A). Reproduced from [146].

around 260 nm, with ultraviolet light, the cell nuclei can be imaged with a good contrast-to-noise
ratio using PAM [153]. However, for potential live embryonic imaging, the applied laser energy
and the illumination area needs to be carefully tested and optimized to avoid tissue damage
caused by ultraviolet light. By utilizing near-infrared light, lipids (1210 nm and 1730 nm), water
(975 nm), and collagen (1725 nm) can be imaged inside the biological tissues [154—156]. With
multispectral PAT, the contrast can be further enhanced by employing several wavelengths within
the corresponding absorption spectrum [157]. These contrasts in combination with the multiple
imaging scales of PAT could be of great interest for studying the embryonic development of
various organs, such as the heart and brain, where validations and feasibility analyses are highly
anticipated.

4. Outlook and summary

Optical scattering (linear and non-linear) and absorption are two major fundamental contrast
mechanisms for label-free embryonic imaging. There are optical imaging techniques based on
other endogenous optical contrasts that we envision could also be useful to study questions in
developmental biology. One of these is phase contrast microscopy, a label-free technique for
the biological samples that weakly scatter or absorb light, such as the preimplantation embryo.
Based on transmission bright-field microscopy, the phase contrast is probed through coherence
light interference, resolving cellular components that are relatively transparent. Quantitative
phase imaging (QPI), as an advanced phase contrast microscopic method, attracts an increasing
interest for its ability of quantitatively measuring the cellular dynamics at a nanometer scale
in 3D through quantifying the optical phase [158]. QPI has been applied for different types
of cells with applications in understanding neural network organization [159], simultaneously
assessing cell motility and growth [160], as well as measuring cell mechanics [161]. Recently,
QPI has been utilized to probe the viability of in vitro bovine embryos by 3D label-free imaging
of detailed cellular structures [162], suggesting the feasibility to study the preimplantation
embryonic development.

As summarized in Table 1, similar imaging capabilities exist between the label-free imaging
modalities for developmental biology. Here we want to emphasize their specific differences for
particular applications. OCT and OPT both provide structural and morphological imaging of
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organogenesis with a resolution at micro-level. Among these, OPT achieves a higher imaging
depth that is able to cover the entire large-size embryo. In contrast, OCT only probes structures
that are close to the surface. However, OCT has the advantage in live dynamic imaging, which
is generally not achievable by OPT due to the fixation and clearing procedures [54,132]. For
imaging of vasculogenesis and angiogenesis, PAT directly relies on the optical absorption
from hemoglobin and can provide volumetric reconstruction from deep inside the tissue, while
OCT achieves the vasculature imaging through functional blood flow analysis with a relatively
limited depth. One advantage of OCT is the capability of simultaneous imaging the vasculature
together with high-resolution tissue structure [58], which is usually not feasible from PAT. For
biomechanical imaging of embryonic tissues, OCT-based elastography requires proper loading
to be delivered to the targeted place without damaging the embryos. For the heart, the active
contractile force acts as a natural loading, enabling OCT to assess the strain and strain rate
of heart wall [34]. However, for other organs or tissues, biomechanical imaging with OCT
could be limited by the lack of suitable loading methods and has not been demonstrated so far.
Unlike OCT, BM does not require external loading and can, therefore, be theoretically applied
to any embryonic tissue from where the Brillouin scattered light can be collected. BM is an
emerging technique for biomechanical imaging and has only recently been employed in a few
studies for embryonic analysis [106—108], but since the significance of mechanical factors is
increasingly recognized in embryonic development [163], we expect to see a rapid growth soon
in the application of BM in developmental biology.

Compared with fluorescence imaging, one major advantage of label-free optical imaging is
the convenience and easiness in sample preparation as complexity and unknowns still exist in
fluorescence labeling of certain components, despite continuous technical advancements [164].
Also, there is no need to consider issues associated with photobleaching and phototoxicity [13,14],
making it possible to achieve higher temporal resolution and higher duration for dynamic and
time-lapse imaging. On the other hand, fluorescence imaging has superior contrast and is able
to resolve multiple components with excellent specificity. Especially, recent advancements in
next-generation light-sheet microscopy enabled larger-field-of-view, higher-resolution, and faster
imaging and is promising to solve the traditional limitations in relation to fluorescence [165-167].
As such, it is expected that label-free techniques are good complementary imaging approaches
for fluorescence imaging that is still the dominant imaging method in developmental biology.
Combination of fluorescent and label-free imaging might provide complementary information
otherwise unattainable by each individual modality [168].

It is worth to note that multiple label-free techniques can also probe fluorescence markers
[127,169,170]. For example, the molecular imaging capability of PAT has shown great promise
to capture fluorochromes and genetically encoded reporters at an unprecedented depth and
resolution [171-174]. Thus, it might be possible to obtain both labeled and label-free imaging
with a single modality, maximizing the contrast and information.

Because developmental processes are very diverse, a single type of imaging contrast can only
provide limited information, and thus, multi-modal imaging approach has become a popular trend
for potentially multi-contrast phenotypic analyses of embryos [175,176]. For example, OCT and
spectrally encoded confocal microscopy were used together to assess the microstructure of the
mouse embryonic heart [51], BM and OCT provided biomechanical and structural information
of the mouse embryonic neural tube [106,107], and an integrated OCT and PAT system took
advantage of the tissue structural contrast to complement the vasculature imaging [148]. Non-
labeling optical imaging has been combined with ultrasonic imaging for ultrasound-guided
analysis of hemoglobin oxygenation in the mouse conceptus tissues [147], as well as with
fluorescence-based imaging to simultaneously probe a large amount of cellular information from
the zebrafish embryos [121]. We expect to see the emergence of novel optical multi-modality
approaches in the future.
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Integrating optical imaging with embryonic manipulation techniques is another exciting
frontier of this interdisciplinary field, which would benefit from further development. Specifically,
OCT-guided microinjections to the embryonic vasculature provided the opportunity to study
the flow dynamics before the circulation of blood cells [42]. The integrated optogenetics/OCM
system allowed for high-resolution dynamic characterization of the optogenetic control of the
Drosophila embryonic heart [177]. Physical banding of the cardiac outflow track in chick embryos
was utilized together with OCT to study possible mechanical contributions to the associated heart
malformations [68,78]. Also, optical pacing was utilized to induce an increase of regurgitant
flow in the chick embryonic heart, and OCT was used to image and measure the flow and the
cardiac morphology, revealing cardiac cushion defects in relation to a high regurgitant flow [35].
We believe such work will inspire more ideas and efforts in developing combined imaging and
manipulation tools for novel studies of embryos.

A variety of animal models have been studied by label-free optical imaging [178,179]. Embryos
from certain model organisms, such as the zebrafish and Drosophila, require minimal preparations
and maintenance for live imaging, convenient for technical development. In contrast, mammalian
models, such as the mouse, require optimal embryo culture for live imaging [180]. Thus,
establishing effective live culturing protocols has been a critical factor to advance live optical
imaging of mouse embryos. The mouse is the only mammalian organism with well-established
genetic engineering strategies to generate various disease models, including the congenital defects
[181,182]. As an increasing number of mutant mice are created every day, there is a dramatic
need for phenotypic imaging analyses of the created models. With the continuous advancements
in culturing approaches, we foresee an increasing interest and development of high-throughput
approaches for high-resolution mouse embryonic imaging.

Advancements in automatization of signal and image processing is another important aspect in
label-free optical imaging of developmental processes. Sophisticated reconstruction algorithms
are being developed to perform 3D visualizations in an efficient and even real-time fashion
[183]. Automatization of data processing methods reducing the time and labor cost is particularly
relevant for large-scale embryo phenotyping projects [184]. For applications in embryonic
imaging, recently, deep-learning methods have been utilized for automatically segmenting the
Drosophila heart in OCM images [87], which marks an exciting start for the employment of
state-of-the-art data processing approaches in image analysis for understanding the mechanisms
regulating embryonic development. We anticipate great expansion of various deep-learning and
artificial intelligence algorithms applied to the field of optical imaging in development biology in
the nearest future.

The imaging capabilities of the label-free optical techniques can provide unique approaches
in addressing a number of developmental biology questions that are difficult to study with
other methods. Here we discuss some examples that could be of interest to pursue. As the
first organ to function, the heart undergoes dramatic morphological changes in early-stage
development, which has been well revealed by scanning electron microscopy [185]; however, the
underlying functional and biomechanical aspects of the morphogenesis remain to be elucidated
[186]. The early-stage heart is valveless, and its pumping mechanism has historically drawn
great interest [187]. Although different models were proposed, a uniform theory has yet to
form, as how the tubular embryonic heart pumps blood remains as an open question. OCT
provides volumetric and simultaneous imaging of cardiodynamics and hemodynamics of the early
embryonic heart without labeling [18,188]. This enables quantitative analysis of the blood flow in
combination with the heart wall movement, promising to provide new insights into the pumping
mechanism. Notably, previous characterizations were largely performed on the zebrafish model
by confocal fluorescence microscopy [189,190]. The deeper penetration depth of OCT allows for
volumetric analysis of pumping with the mouse model, which would benefit from a wide range
of transgenic models. Focusing on cardiac elasticity, the extracellular matrix plays an essential
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role in defining the stiffness of the early embryonic heart, creating the mechanical environment
for the cardiomyocytes [191]. As such, in pursuit of understanding how shear and contractile
forces regulate the heart stiffness and the extracellular matrix deposition during development,
SHG imaging of cardiac fibrillar structures with high specificity could be useful for convenient
and quantitative phenotypic analyses [117]. Abnormal development of central nervous system
is the cause of another major congenital disease. Studies of the underlying mechanisms have
been mainly focused on the molecular genetic level [192], while the understanding of the brain
developmental process from dynamic, functional, and biomechanical aspects is largely absent.
In relation to the brain morphogenesis, live 4D OPT imaging [138] can potentially be used to
reveal this developmental process in ex vivo cultures, while time-lapse 3D OCT imaging is able
to provide quantitative assessment of the neural fold dynamics in cultured live embryos [54]. For
the investigation of the brain angiogenesis, 3D OCT angiography enables label-free longitudinal
imaging of the embryonic vasculature in utero [193,194]. Neural tube closure, as the primary
process for the neural tube formation, has been attracting continuous interest in developmental
biology [195], and biomechanics was recently shown as an important factor in this dynamic
process [196]. The integration of BM and OCT allows for simultaneous delineation of neural
fold morphology and mapping of stiffness [107], which will be a powerful tool to investigate
the spatiotemporal mechanical variations over the closure process. At the preimplantation
stage, lipid plays an important metabolic role in the embryonic development [197]. Despite the
known existence of lipids in early embryos, their specific functions remain less studied [197].
Recent work has developed methods to manipulate lipids in the embryos [198], and RM with its
non-labeling nature could provide convenient and long-term assessment of the amount and spatial
distribution of lipid droplets, thus to further characterize the functions of lipid in development.

In summary, we reviewed label-free optical imaging of embryonic development, discussed
the various endogenous imaging contrasts in relation to particular applications, and commented
on the differences between these techniques and the emerging trends in this interdisciplinary
area. We hope that this review will encourage more biophotonic engineers to join the exciting
area of developmental biology research and will serve as a reference for the developmental
biology community while selecting the most suitable methods for their specific applications.
Cross-disciplinary research is challenging but is highly rewarding; we hope this review will
stimulate collaborative interactions between optical engineers and developmental biologists to
expand the area of biophotonics in studying the early stages of a new life.
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